The term biosensors encompasses devices that have the potential to quantify physiological, immunological and behavioural responses of livestock and multiple animal species. Novel biosensing methodologies offer highly specialised monitoring devices for the specific measurement of individual and multiple parameters covering an animal's physiology as well as monitoring of an animal's environment. These devices are not only highly specific and sensitive for the parameters being analysed, but they are also reliable and easy to use, and can accelerate the monitoring process. Novel biosensors in livestock management provide significant benefits and applications in disease detection and isolation, health monitoring and detection of reproductive cycles, as well as monitoring physiological wellbeing of the animal via analysis of the animal's environment. With the development of integrated systems and the Internet of Things, the continuously monitoring devices are expected to become affordable. The data generated from integrated livestock monitoring is anticipated to assist farmers and the agricultural industry to improve animal productivity in the future. The data is expected to reduce the impact of the livestock industry on the environment, while at the same time driving the new wave towards the improvements of viable farming techniques. This review focusses on the emerging technological advancements in monitoring of livestock health for detailed, precise information on productivity, as well as physiology and well-being. Biosensors will contribute to the 4th revolution in agriculture by incorporating innovative technologies into cost-effective diagnostic methods that can mitigate the potentially catastrophic effects of infectious outbreaks in farmed animals.
Introduction
Advances in engineering research and biomaterials, coupled with the decreasing costs of electronic technologies, have resulted in the emergence of 'sensing solutions' and smart computing technologies that include internet and cloud-based connectivity to develop integrated and networked physical devices for data collection and analysis. These systems are equipped to automatically collect data on physiological parameters, farm environment, production measures and behavioural traits.
In the modern world, new diseases that threaten animals' health emerge every year. There is currently a lack of reliable, cost-effective diagnostic tests for early detection of diseases in farmed livestock animals. Biosensing technologies have the potential to address these problems by developing innovative diagnostic tools for the rapid detection of key health threats within the agri-food livestock sector.
There are numerous factors that affect food production and have an influence on food security around the world. By 2050, food demand is expected to increase by 70%, and meat production will increase by 50%, making agri-food and livestock key industries for future growth (Alexandratos and Bruinsma, 2012) . Health threats to animal populations can disrupt food supply chains and commerce with potentially long-lasting effects on human health, as well as economic impacts. With current technology, detecting diseases in the early stage requires time-consuming and expensive laboratory tests. There is a need for detection tools that can predict when an incident is likely to occur and in what population, inform diagnosis and treatment options, and forecast potential impacts on a given population (both human and animal). The biosensor market for the year 2013 was valued at US $11.39 Billion and is expected to increase to US$22.68 Billion by 2020. Furthermore, non-invasive health monitoring is also driving the growth and development of nanotechnology-based biosensors (Research, 2014) . The precision farming market, important in livestock management, is expected to grow from USD 3.20 Billion in 2015 to USD 7.87
Billion by 2022 (Markets and Markets). The driving socio-economic and environmental factors that are expected to further the research and development to provide food for the growing human population are detailed in Fig. 1 . The market for point-of-care testing in veterinary diagnostics is expected to increase at a compound annual growth rate (CAGR) of 18%, reaching US$6.71 Billion by 2021. Novel diagnostic tools and disease modelling will enable decision-making and investigate the rapid diagnosis of epidemic and emerging diseases of farmed animals. The nanotechnology approach in developing biosensing tools offers direct benefits through simpler testing, smaller size, greater accuracy, faster results, and faster responses to key health threats in the farm animal sector.
We have entered a 'fourth revolution' in agriculture. This denotes the proliferation of new technologies including the Internet of Things, precision agriculture and mobile apps for disease surveillance. This review study will covers the technologies that will improve the capacity and efficiency of novel infection diagnosis, providing information needed to formulate sustainable risk assessment-based infection control programs for agri-food and livestock producers.
In this review, the focus relies on the emergent bio-sensing technologies that have the ability to transform management in the livestock industry and the methods associated with it. One of the salient features of biological, agricultural and environmental applications of nanotechnology is that the nanoscale devices and systems are of the same size-scale as biomolecules. While conventional sensors have been used in livestock monitoring, and as tools to assist in health monitoring and disease diagnosis, nanobiosensors have the ability to multiplex the bioassays on-site, thereby eliminating the need for the transportation of biological samples to centralised laboratories for analysis. Integration of these sensors for wireless data transfer via a server or through cloud-based systems would enable access to the analysed data for any internet-enabled device. Nanobiosensor applications will not only reduce the incumbent costs for reagents, sample handling, analysis times and transportation costs, but will also help in adapting and promoting sustainable agricultural techniques and ethical handling of livestock.
These technologies shall focus on the non-invasive methodologies to assess animal welfare by quantifying the stress and metabolic disease biomarkers, welfare assessment based on activity of the animals (monitoring oestrus and lameness detection to maximise animal production) and sensors for temperature and pH sensing (to determine calving alert and rumen function). Furthermore, various non-invasive sensing technologies for early disease detection shall help in saving animals' lives as well as reducing expenses for the farmers.
Biosensing -taking a systems biology approach
The application of biosensors in animal husbandry and agriculture will increase competitiveness in the ever-changing global economy. Biosensing applications for livestock management and welfare will foster productive, value-added partnerships in ways that will lead to social, health, environmental and economic benefits. Moreover, realtime monitoring of animal health and assessment will have a direct impact on animal productivity and better utilisation of resources. The future of biosensors lies in utilising the comprehensive knowledge of animal physiology, genetics, environmental sciences and animal nutrition, and integrating this knowledge in a meaningful way will aid in the translation into real commercial and societal benefits.
Integrated in "decision support systems"
Animals contribute to the human society in a number of different ways. These include being a source of food, acting as models for studying human metabolism and diseases, and providing companionship and services. The increase in human population demands increased availability of food using sustainable methods and implementation of strategies to increase animal productivity and agricultural production (Alexandratos and Bruinsma, 2012) .
The environmental impacts of livestock production (e.g., on soil, water, atmosphere and forest reserves) are key challenges to bear in mind as we devise plans and policies to manage and further develop the production systems that are environmentally sustainable, economically viable, ethically acceptable, and provide wholesome and nutritious food for animals and humans on a global scale. Integrating data and knowledge gained from decades of research in environmental sciences, bioengineering, animal husbandry, agricultural practices and animal nutrition and behaviour with the modern integrated electronic systems will play a pivotal role in the optimisation and management of animal health and wellbeing (e.g., precision livestock management) and to improve sustainability of the supply chain for feed and food production.
This integration will be handled by decision support systems, which, to be most effective, must be robust under varying conditions; include technologies for rapid (automated) data collection via wireless data transmission systems (Ruiz-Garcia et al., 2009 ) (i.e., animal and environmental sensors); have substantial computing capacity for data analyses; have systems optimised to inform decision making and be reasonably easy to operate. The next breakthrough will be for these systems to use 'real-time biometry,' functioning in real time to monitor and control genotype, environment, wellbeing, productivity and animal product quality.
1.3. Biosensors will manifest themselves as indispensable tools in animal husbandry 1.3.1. Innovation and development for new approaches Future developments in biosensors are expected to result in the development of new methodological and technological approaches to measuring dynamic changes in real time, with respect to the changes in physiological state and metabolism (e.g., gastrointestinal flora, circulating levels of anabolic and catabolic hormones, immune function, gene expression). This is to better understand the factors influencing animals' responses, and to develop solutions (e.g., husbandry practices, technology and associated decision support system) that improve productivity and/or wellbeing of these animals.
Real-time data acquisition and analysis
Monitoring of real-time autonomic responses (e.g., respiration rate, heartrate and heartrate variability, blood pressure, changes in peripheral blood flow) and defence-related reflexes (e.g., startle) using novel biosensing tools will help to investigate how housing, diet and genotype affect animals' resiliency to stressors. These sensors will help in the understanding of factors that influence the wellbeing of animals, and in the development of solutions (e.g., husbandry practices, genotype selection) that improve the welfare of livestock and companion animals. Advances in wearable or imprinted biosensors that are flexible and allow data transfer remotely will be of special significance in this advancing area (Neethirajan, 2017) .
Rapid characterisation of food and feed
Biosensors shall be used to develop approaches enabling the rapid, accurate characterisation of dietary inputs and final products (meat, eggs, milk) in terms of nutrient content (total and bioavailable), antinutritional factors and bioactive components, as well as chemical and microbiological contaminants, with the aim of implementing this technology at the level of the commercial feed mill or animal food product processing plant. On the other hand, they would also help in the decision-making process to alter the composition of feed to the animals in case the animal products deviate from the expected nutritional status.
Animal trait analysis and selection of robust breeds
Biosensing may also help to select special animal breeds that are robust and resilient to environmental stressors by enabling rapid assessment of the impacts of animal genotype and environmental factors at different life stages. Such assessment would yield critical knowledge to better understand genotype by environment interactions, in order to improve production efficiency and animal wellbeing. The developments in biosensing will also help us better predict and manage the impacts of climate change on animal agriculture over the next several decades.
1.3.5. Development of mathematical algorithms for better understanding of complex biological systems and their interaction with the environment In the present day and age of big data, the data from animal farms is expected to help in the development of advanced bio-mathematical models that are able to integrate data from the aforementioned scientific research efforts and theoretical understanding of complex biological systems. These models and simulations will allow for an improved quantitative appreciation of the scientific and management aspects of animal agriculture. These will enable the assessment of changes in the system with respect to different production, genetic selection, nutritional and environmental factors. Ultimately, these models will help to identify approaches and strategies to improve the productivity, efficiency and wellbeing of animals and mitigate the potential negative environmental impacts of livestock production. These models will also provide the basis for the development of the specific algorithms required by a variety of decision support systems.
Monitoring jaw movement of cattle to know the grazing efficiency
Cattle grazing behaviour requires individual monitoring of cattle based on three important parameters, including the location of the animal, analysing animal posture and the movement of the animal, especially movements such as walking and movement of the jaw (Herinaina et al., 2016; Nadin et al., 2012) . Jaw movements define the grazing behaviour of the cattle, and there are three different classes of biosensors that can be used to identify such movements. These include: (Nydegger et al., 2010) were designed specifically to be used in pastures and stables, respectively. The IGER Behaviour Recorder comprises a noseband and an electronic interface connected to a computer to record, analyse and store data at 20 Hz (Rutter, 2000) . Jaw movement is identified as a pressure peak through the transmission of the movement to the halter and the change in the tube pressure. The installed software can distinguish between bites and chews (Rutter, 2000) . Peaks are considered to be bites when they are a combination of a major long peak followed by a smaller sub-peak, or a non-symmetrical peak in the absence of the sub-peak (Nadin et al., 2012) . The IGER Behaviour Recorder can also be used to estimate the feed intake with reasonable accuracy, using data on the number of chews and eating duration (Pahl et al., 2016) . Miscalculations in the pressure sensing arise from practical considerations i.e. due to variations in the tightening of the halter on individual animals, can result in different pressure values. Another practical issue relates to the measurement of the output wave signal can arise if the halter is mounted too tightly or too loosely. Eating and rumination behaviours in cattle have also been reported with a noseband pressure sensor, consisting of a data logger, incorporated in the noseband to record the jaw movements via a pressure sensor (Braun et al., 2013) .
Monitoring jaw movement through acoustic sensing
Acoustic analysis of grazing behaviour has been shown to accurately identify chewing and biting, and therefore can be used to estimate the food intake of cattle (Laca and WallisDeVries, 2000) . Acoustic analysis allows differentiation of three types of jaw movements: chew, bite and chew-bite, and microphones can be used to record the jaw sounds of a grazing animal (Ungar and Rutter, 2006) . The data can be used to classify ruminating behaviour (Navon et al., 2013) and are especially helpful in monitoring animal wellbeing.
Acoustic sensing of jaw movements can be classified based on the microphone location and acoustic system classification. Detailed analysis of the systems currently in use are elaborated in Fig. 2 . Some systems are simple and detect jaw movements based on 10-min recordings of grazing sessions on a camera, with an accuracy of 94% (Herinaina et al., 2016; Navon et al., 2013) . Clapham and colleagues have demonstrated a fully automatic Chew-Bite Real-Time Algorithm for detection and classification of ingestive events during cattle grazing. The system consists of a directional wide-frequency microphone facing inwards on the forehead of the animal, and coupled with the signal analysis and decision logic algorithm, it can detect and analyse bites and chews with an accuracy of 94% (Clapham et al., 2011) .
Acceleration sensors for jaw movement and feeding behaviour
Accelerometer sensors convert physical acceleration recorded from motion or gravity into a voltage output. Accelerometers can be used to measure static acceleration due to gravity, the low-frequency component of the acceleration and the dynamic acceleration due to animal movement (Herinaina et al., 2016) . Several researchers have demonstrated the use of accelerometers for analysing the grazing behaviour of animals (Mattachini et al., 2016; Giovanetti et al., 2017) . Andriamandroso et al. (2015) used smartphone inertial measurement units (IMUs) to count the number of bites through a frequency pattern of single-axis acceleration data. Oudshoorn et al. (2013) were the first to use a 3-axis accelerometer to quantify cow bites. The method-involved visualisation of the recorded signals from the three individual orthogonal axes to determine the signal that best matched the recorded bites. Fig. 3 and Table S1 details the key components of multi-parametric sensors deployed for precision livestock farming. These multi-parameter sensors collect and integrate the data from individual sensors to provide a comprehensive health picture of individual animals, as well as herd behaviour. Such integrated sensors will also enable predictions on animal health events and disease. In the event of a disease outbreak, multi-parameter sensors can assist in identification and isolation of affected livestock before the spread of the outbreak and potentially prevent unnecessary culling of uninfected animals, as is the current practice in animal husbandry.
Biosensors for breath analysis
Disease diagnosis by identification of volatile organic compounds (VOCs) has long been of interest to researchers, as it offers a noninvasive methodology. VOCs can be found in the breath, blood, faeces, skin, urine and vaginal fluids of animals as well as humans (BurciagaRobles et al., 2009; Garner et al., 2009 ). Metabolites in the breath include gasses like hydrogen and methane and volatile organic compounds such as fatty acids, which can act as biomarkers for metabolic and pathologic processes. Usually, the glucose level in blood is associated with VOCs like ketone bodies, ethanol, methanol and exogenous compounds (Leopold et al., 2014) . In cattle, analysis of VOCs has been explored to diagnose bovine respiratory disease (Burciaga-Robles et al., 2009), brucellosis (Knobloch et al., 2009 ), bovine tuberculosis (Fend et al., 2005 ), Johne's disease (Kumanan et al., 2009) , ketoacidosis (Mottram et al., 1999) , and normal rumen physiology. A rapid, non-invasive identification of foot and mouth disease was performed using air samples collected with a handheld prototype device equipped with electrostatic particle capture in a microchip chamber of 10-15 μL (Christensen et al., 2011) .
Sensors analysing metabolites in perspiration
Most biosensors developed for analysing metabolites in sweat were developed with the purpose of human health monitoring. These have been used to analyse sodium concentration (Schazmann et al., 2010) and lactate levels, and converted to portable formats (belt form) to analyse sweat. The electrochemical sensor for lactate levels includes a flexible printed tattoo that can detect lactate levels with linearity up to 20 mM. The sensor has been shown to be resilient against mechanical deformation. This sensor can also be adapted for use in animal sweat monitoring, especially as a sign of physical stress in animals (Jia et al., 2013) . Others have developed an adhesive radio-frequency identification (RFID) sensor patch, which allows for potentiometric sensing of solutes and surface temperature that can be read on a smartphone application (Rose et al., 2015) . Kumanan et al. have reported the development of a membrane-strip-based lateral-flow biosensor combined with a high-throughput microtiter plate assay to enable highly sensitive reverse transcriptase polymerase chain reaction (RT-PCR) based detection viable Mycobacterium (M.) avium subsp. paratuberculosis cells in fecal samples (Kumanan et al., 2009 ). (Wathes et al., 2008) . Reprinted with permission from Elsevier Ltd.
Analysis of tears for continuous glucose monitoring
Metabolites in tears can provide information about the concentration of these metabolites in blood and provide a non-invasive continuous monitoring technique. Iguchi et al. have reported the development of a flexible, wearable amperometric glucose sensor using immobilised glucose oxidase on a flexible oxygen electrode (Pt working electrode and Ag/AgCl counter/reference electrode). The biosensor is fabricated using Soft-MEMS techniques onto a functional polymer membrane (Iguchi et al., 2007) . Others are working towards the development of a biosensor for self-monitoring of tear glucose and are currently in the animal testing stages (La Belle et al., 2014) .
A prototype tear glucose (TG) sensor was designed and developed to assess the eye irritation of New Zealand white rabbits by measuring blood glucose (BG) and TG lag time. Eye irritation was monitored by Lissamine green dye and analysed using image analysis software. Lag time was correlated with an oral glucose load while recording TG and BG readings. Correlation between TG and BG were plotted against one another to form a correlation diagram, using a Yellow Springs Instrument (YSI) and self-monitoring of blood glucose as the reference measurements. Finally, TG levels were calculated using analytically derived expressions.
In vivo implanted biosensor to analyse stress in fish
Fish health is affected by multiple environmental parameters as well as conditions in the fish farms. Stressors include water pollution and changes in climate. Farm management practices like stocking density and water exchange can also induce fish stress (Fig. 4) . Wu et al. have devised an implantable biosensor that detects the composition of eyeball scleral interstitial fluid in fish. The contents of the fluid correlate well with their concentrations in blood. Stress due to changes in water chemistry, dissolved oxygen content, pH, and metal toxicity were monitored, and behavioural changes such as attacking behaviour and visual irritation were recorded (Wu et al., 2015) . Hibi et al. (2012) have developed a wireless biosensor system for continuous monitoring of stress biomarker L-lactic acid in fish using the eyeball interstitial sclera fluid site for sensor implantation. The biosensor allows for wireless monitoring of L-lactic acid in free-swimming fish.
Detection of ovulation

Progesterone
Breeding forms an integral part of livestock farming. Detection of the ovulation period in cattle is important in order to determine the time window for artificial insemination. Pemberton and colleagues reported a device able to determine ovulation using a disposable screen-printed amperometric progesterone biosensor, operated in a competitive immunoassay using milk samples. The biosensor included a monoclonal anti-progesterone antibody (mAb) immobilised on a screen-printed carbon electrode (SPCE). It was later incorporated into a thin-layer flow cell offering advantages such as on-line analysis and improved fluid handling with the possibility of future automation. In the thin-layer cell, the enzyme product, 1-naphthol, showed electrochemical behaviour consistent with bulk conditions and gave a linear amperometric response under continuous-flow conditions over the range 0.1-1.0 μg/mL (Pemberton et al., 2001 ). The Herd Navigation® system was developed in 2008 for commercial use and combines five sensing systems, including progesterone in the milk. Herd Navigator™ (Durkin and DeLaval, 2010) measures the level of progesterone in milk and the software suggests the insemination time, lists animals for final pregnancy confirmation, indicates early abortion and lists the cows at risk for cysts and prolonged anoestrus. Oestrus detection rates of 95-97% have been reported in the farms in Denmark, with significantly higher pregnancy rates (up to 42-50%) than the conventional techniques (Blom and Ridder, 2010) . There are also reports indicating cost savings of €250 and €350/cow per year, as farmers do not have to spend money on expensive pregnancy tests (Leonardi et al., 2013) .
SPR-based biosensors for progesterone
More recently, Zeidan and colleagues have reported the development of a progesterone sensor by integrating novel aptamer development with a nanoEnhanced Surface Plasmon Resonance imaging sensor (SPRi). The authors first developed X-aptamers and selected them for binding to progesterone. Then, the multi-array feature of SPRi was used to develop an optimised biosensor capable of simultaneously screening the 9 X-aptamers for binding affinities. The sensor surface was further optimised in a sandwich assay, where nanoEnhancers (NIR-streptavidin-coated quantum dots) were used for ultrasensitive detection of progesterone molecules. The assay designed was examined over a concentration range of 1.57 ng/mL to 126 μg/mL resulting in a limit of detection (LOD) of 1.57 ng/mL (5 nM) in phosphate buffer (Zeidan et al., 2016) .
Herd Navigator™ for monitoring ovulation
Herd Navigator has excellent oestrus detection rates, but the system is too expensive. Aiming at improving detection reliability using lowcost sensor data, Jónsson et al. reported the combination of information from step count and leg tilt sensors. The authors developed a change-detection algorithm that can analyse cow-specific data in real time. The system has shown an increase in the successful alerts, significantly reduced false positives and introduced a lying balance for the individual animal. This led to a novel change detection scheme, derived from observed distributions of the step count data and the lying balance. Detection and hypothesis testing were based on generalised likelihood ratio optimisation combined with time-wise joint probability windowing, on the duration of oestrus and oestrus intervals. The cowspecific parameters and test statistics were derived on-line from data to cope with the behaviours of individuals. The results showed sensitivity of 88.9% and error rate of 5.9.%, which is very satisfactory considering that only an inexpensive sensor data were used. (Jónsson et al., 2011) .
Intravaginal probes
Andersson et al. tested a wireless intravaginal probe, with a possibility for automation of the process. The probe is based on the measurements of conductivity and temperature, also senses the movement of the animal. These parameters can all be used independently to detect oestrus. Although still in the testing phase, the device has been shown to have a higher reliability and to be more resistant to external disturbances as compared to existing alternatives. The demonstrated system is very power efficient and capable of years of continuous isolated operation. Small to intermediate farm environments can be covered by the developed probe transmitters themselves with a single receiver unit, while bigger areas can be handled with battery powered repeater units (Andersson et al., 2016 (Andersson et al., , 2015 .
Biosensors for animal diseases
Bovine Respiratory Disease
Bovine Herpes Virus-1 (BHV-1) is a major viral pathogen of Bovine Respiratory Disease (BRD), the prominent cause of economic loss ($2 billion annually in the US alone) to the cattle and dairy industries. Tarasov et al. report the development of an extended-gate field-effect transistor (FET) for direct potentiometric serological diagnosis of the BHV-1 viral protein via an IgE-coated immunosensor. The biosensor was presented to be sensitive and selective to anti-IgE present in commercially available anti-BHV-1 antiserum and in real serum samples from cattle. The system was shown to be faster than the traditionally used ELISA, amenable to multiplexing, and easily integrated into POC devices. The obtained results were in excellent agreement with Surface Plasmon Resonance (SPR) and ELISA. The FET sensor is significantly faster than ELISA ( < 10 min), a crucial factor for successful disease intervention. This sensor technology is versatile, amenable to multiplexing, easily integrated to POC devices, and has the potential to impact a wide range of human and animal diseases (Tarasov et al., 2016) . Schaefer and colleagues have investigated the use of an automated, RFID-driven, infrared thermography technology to determine BRD in cattle. The animals were monitored for BRD using biometric clinical scores, body temperature, haematology, serum cortisol and infrared thermal values. The data collected showed a correlation between positive animals for BRD with higher peak infrared thermal values of 35.7 ± 0.35°C in comparison to the true negative animals 34.9 ± 0.22°C. The study is a proof of concept that the thermography data could be non-invasively and automatically collected on the basis of a system developed around the animals' water station (Schaefer et al., 2012) .
Detection of Bovine viral diarrhoea virus (BVDV)
While ELISA and PCR-based methods have long been used for the detection of BVDV (Pritchard et al., 2002) , rapid detection of BVDV requires an on-site monitoring and detection system to expedite the diagnosis and minimise the spread of disease in the herd. To this end, Montrose et al. have developed a fully integrated nanowire-based immunosensor to detect BVDV in serum. The biosensor has BVD virus as a capture molecule, which is covalently immobilised to a polymer electrodeposited onto a nanowire. Electrochemical characterisation including faradaic electrochemical impedance spectroscopy and cyclic voltammetry was performed. Label free immunologic detection of antibodies (10 μg/mL, 20 min) was first demonstrated using a bovine serum albumin as a model antigen-antibody system. Then, the immunosensor was applied to the detection of bovine viral diarrhoea antibodies (10 μg/mL, 20 min) in both buffer and serum. The sensor clearly discriminated between positive and negative infected bovine sera. This study demonstrated the potential of the chip nanowire based electrochemical sensor for immunoassays application in serum with a view to developing portable devices for on-farm diagnosis or therapeutic monitoring in animal health applications. (Montrose et al., 2015) . Luo et al. have developed an electrospun biosensor based on capillary separation and conductometric immunoassay for the detection of BVDV antibodies. The capillary action of the nanofibrous membrane was further enhanced using oxygen plasma treatment. An electrospun biosensor was designed based on the capillary separation and conductometric immunoassay. The silver electrode was fabricated using spray deposition method which is non-invasive for the electrospun nanofibers. The surface functionalization and sensor assembly process retained the unique fiber morphology. The detection time of the biosensor is 8 min, and the detection limit is 10 3 CCID/mL for BVDV viral samples (Luo et al., 2010) .
Avian influenza virus
Avian Influenza Virus (AIV) infections have been a major cause of mortality, and rapid detection methods for avian influenza have huge clinical, economical and epidemiological implications. Diouani et al. and Wang et al. have reported the development of a miniaturised gold electrode biosensor using impedance spectroscopy to detect H 7 N 1. The biosensor is based on the detection of immobilised H 7 N 1 antibodies onto a bio-functionalised gold electrode. The affinity interaction of the antibody with the specific antigen can be measured with a low limit of detection and with a good reproducibility (Diouani et al., 2008; Wang et al., 2009 ).
Xu et al. have developed an interferometric biosensor immunoassay for the direct and label-free detection of avian influenza strains H 7 (two strains) and H 8 (one strain) through whole virus capture on a planar optical waveguide. The assay relies on the index of refractive changes occurring upon binding of the virus particles to unique antigen-specific (hemagglutinin) antibodies on the waveguide surface (Xu et al., 2007) . Luminescence resonance energy transfer (LRET) -based biosensors for the ultrasensitive detection of the H 7 strain (Ye et al., 2014) and indium-tin-oxide thin-film transistors (ITO TFTs) on a glass substrate for immune detection of H 5 N 1 antibodies have also been reported (Guo et al., 2013) .
Foot-and-mouth disease
Rapid initial diagnosis of foot-and-mouth disease virus (FMDV) is essential for faster diagnosis. Several biosensors have been developed recently to provide portable systems for the diagnosis of FMDV. These have been reviewed extensively by Niedbalski (2016) . The systems developed include lateral flow immunochromatographic (LFI) for the detection of antibodies against FMDV proteins (Yang et al., 2015) to detect FMDV serotypes O, A, Asia 1, SAT 2 and non-serotype-specific FMDV. Several FMD-specific real-time RT-PCR (rRT-PCR) assays have been made into portable mobile platforms for in-field detection of FDMV. These include the Cepheid Smart Cycler Real-time PCR machine (Hearps et al., 2002) , and the BioSeeq-Vet (Smiths Detection). Genie I, a portable platform, also allows for the on-site detection of viral RNA by reverse-transcription loop-mediated isothermal amplification (RT-LAMP) (Waters et al., 2014) .
Automated detection of mastitis
Mastitis is associated with the inflammation of the udder in cattle due to an infection by Staphylococcus aureus. Mastitis detection in milk is based on two milk quality aspects: the somatic cell count (SCC) and the presence of visibly abnormal milk in the case of clinical mastitis. Neitzel et al. (2014) have developed an indirect on-line sensor system based on the automated California Mastitis Test (CMT) in milk. Duarte et al. (2016) have reported the development of an immune assay based on coupling with magnetic nanoparticles, which is analysed using a lab-on-a-chip magneto resistive cytometer, with microfluidic sample handling.
Subclinical ketosis
Nanobiosensors can significantly aid in the real-time detection of beta-hydroxy butyrate from blood or milk to assess the energy balance of the animals. Subclinical ketosis is one of the metabolic diseases associated with negative energy balance during the transition period, as well as decreased milk yields, impaired reproductive performance and higher risk of clinical ketosis, resulting in economic losses (Ospina et al., 2010 ). Weng and colleagues have recently reported the devel-opment of the on-chip detection of βHBA using a miniaturised, costeffective optical sensor, The authors report that the analysis can be completed in 1 min and has a detection limit of 0.05 mM βHBA (Weng et al., 2015b) . In another study, a biosensor using quantum dots (QDs) modified with cofactor nicotinamide adenine dinucleotide (NAD + ) has been used for sensing βHBA concentration in a cow's blood and milk sample. The detection is performed on a custom designed microfluidic platform combined with a low cost, miniaturised optical sensor. The sensing platform has a detection limit better than the previous method at 35 µM (Weng et al., 2015a; Neethirajan et al., 2016) .
Detection of porcine reproductive and respiratory syndrome (PRRS) virus
Infection with the porcine reproductive and respiratory syndrome virus (PRRSV) results in PRRS in pigs, also known as the blue-ear pig disease, causing reproductive failure in breeding stock accompanied by respiratory tract illness in piglets. The disease costs the United States swine industry around $644 million annually according to a 2011 study (Holtkamp et al., 2013) , and recent estimates in Europe found that it cost almost 1.5b€ in the year 2013. Several immunodetection-based biosensors have been reported for the detection of PRRS and are detailed in Table S2 .
Salivary detection of metabolites of clinical significance
Saliva sampling for disease and other biochemical markers of physiological health is an attractive alternative to blood sampling, as it is non-invasive in nature (Bandodkar and Wang, 2014) . The method is particularly useful for animal monitoring and disease diagnostics, as blood collection from animals is considered to be a stress inducer and may have an impact on the biochemical parameters being diagnosed. Biomarkers in saliva can be helpful in numerous ways, e.g.: (i) early detection and diagnosis of diseases; (ii) in supporting the decisionmaking processes for animal handling; and (iii) to monitor the progression of disease (Malon et al., 2014) .
Biosensors for salivary uric acid
An abnormal concentration of uric acid acts as a biomarker for several diseases, such as metabolic syndrome, renal syndrome, and abnormalities in purine metabolism (Nakagawa et al., 2006; Nyhan, 1997) . Uric acid is also known to be present in response to physical stress (Hellsten et al., 1997) . Kim et al. have reported the development of a wearable salivary uric acid mouth guard sensor in which an uricase-modified screen-printed electrode system is integrated into a mouth guard platform. It uses miniaturised instrumentation electronics featuring including a potentiostat, microcontroller, and a Bluetooth Low Energy (BLE) transceiver. This platform enables realtime wireless transmission of information to standard smartphones and other storage devices .
Measurement of salivary cortisol as an animal stress biomarker
Measurement of corticosteroid hormones is commonly used as a biomarker of an animal's response to stress. The suitability of a cortisol assay and its validation have been detailed in the review by Cook (2012) . More recently, Yamaguchi et al. have demonstrated the development of a cortisol immunosensor for the non-invasive and quantitative analysis of salivary cortisol. The immunosensor detects current resulting from a competitive reaction between the sample cortisol and a glucose oxidase (GOD)-labelled cortisol conjugate, and quantifies cortisol levels based on a calibration curve. The technique takes 35 min for analysing salivary cortisol levels and the device can be used on-site. The method was also shown to closely correspond to the currently available ELISA method (Yamaguchi et al., 2013) .
Measurement of salivary glucose
Salivary glucose biosensors have primarily been developed for human use and for domestic pets (Reusch et al., 2006; Stein and Greco, 2002) , but they have vast potential in monitoring livestock health. Most of the sensors developed for humans have also been tested in animals. The sensors are lightweight and portable and can be used directly on-field (Park et al., 2009). 8.9 . In vivo real-time sensing for uric acid in poultry Energy pathways in birds are lipid metabolism rather than the glucose metabolism dominant in other animals, and uric acid levels are indicative of protein catabolism in birds (Gumus et al., 2014) . Numerous methods for uric acid detection based on chemiluminescence, spectrophotometry, fluorescence (Martinez-Pérez et al., 2003) and electrochemistry (Jindal et al., 2012) have been developed. However, Gumus et al. have reported the development of uric acid sensing based on uricase enzyme for in vivo applications. It is an enzyme-based method using Pt/Ir wire and Ag/AgCl paste. The sensor has a linear response for uric acid in the range of 0.05-0.6 mM uric acid, which covers the physiological levels for avian species and is able to transmit the data wirelessly.
Salivary alpha amylase as a stress biomarker in pigs
While cortisol is an essential hormone responsible for the regulation of stress, salivary alpha-amylase is a novel biomarker for psychosocial stress. This has been validated by Fuentes et al. (2011) using an automated spectrophotometric method for salivary alpha-amylase measurement. Wu et al. have fabricated an inexpensive, disposable α-amylase biosensor by immobilising a layer of starch gel on a thickfilm magnetoelastic sensor. When exposed to α-amylase, the resonance frequency of the starch gel-immobilised sensor increases in proportion to the starch hydrolysis by α-amylase, allowing for its quantification. The sensor described can detect 75-125 U/mL α-amylase (Wu et al., 2007) .
9. Livestock monitoring systems for observing physiological parameters and health of cattle Jegadeesan et al. have proposed a two-component system. The first component is the monitoring and collection of data on the health parameters of animals in the field, and the second component is the monitoring and acquisition of data on animals from the farms. Animals are subjected to a variety of stress factors during their lives on farms. These include stressors due to changes in temperature, transport across farms, physiological stress due to ill health or improper food intake as well as stress due to restraint (detailed in Fig. 5 ). This information on the external environment and animal health can be collected and analysed in real time using closed-circuit cameras. The complete system is expected to work independently, making necessary changes in response to the real-time data inputs. Human intervention is only expected in the event of an emergency (Jegadeesan and Venkatesan, 2016) . Although such a model system is expected to be a norm in the near future, steps are underway to implement these integrated systems at least partly in livestock and agriculture.
Monitoring animal movement and behaviour
Monitoring movement and behaviour can provide information on an animal's activity and wellbeing. Motion-detection technology and video recording coupled with the Gaussian Mixture Model (GMM) can be used to gather information on animal size and identify low-weight animals (Sa et al., 2015) . Monitor integrates information on cow oestrus, as well as data on rumination, feeding and levels of activity. It makes use of wireless sensors for the two-way transmission of data.
Other technologies, such as HerdNavigator™ and the Afimilk Silent Herdsman also serve the same purpose. The Silent Herdsman is a wearable technology and monitors all activities of cattle to analyse their behaviour. Any changes in an animal's behaviour pattern can be used to identify the oestrus cycles and onset of disease/sickness.
Honeybees produce a variety of different sounds as a means to communicate with the colony. The sounds have characteristic low fundamental frequencies between 300 and 600 Hz (Barth et al., 2005 ). An accurate quantification of these signal patterns can give valuable information on the hive health (Qandour et al., 2014) . Electronic systems for management of beehives have been developed lately and combine hive acoustics monitoring with measurement of parameters like brood temperature (Kridi et al., 2016) , humidity, hive weight and the weather conditions of the apiary. Other systems are being developed (Table S3 ) that integrate visual, acoustic and beehive monitoring systems and share them with the environmental monitoring platform (Fig. 6) . These systems can help in collecting and analysing the data on bee behaviour for biologists (Chiron et al., 2013) .
Bioacoustic monitoring of poultry using biosensors
Recent development of scientific research and technology in chickens and other livestock indicates that vocalisation monitoring could be a valuable tool for predicting diseases and enhancing productivity. Vocalisation technology is based on sounds made by the birds in their daily activities on the farms. The acoustic monitoring system was first developed to monitor coughing in porcine livestock farms, which found coughing to be an indicator of animal conditions, as it is a frequent symptom of multiple respiratory diseases affecting the lungs of livestock (Chedad et al., 2001 ). The new acoustic technology using neural networks as classification methods can distinguish cough sounds from other sounds such as metal clanging, grunts, and background noises. Using the nanobiosensors, vocalisation detection can be designed and developed as an efficient, effective and affordable system in monitoring the health conditions of chickens, to provide opportunities for making decisions and undertaking necessary actions.
Bioacoustics from poultry farms can also help to identify genetic strains and sexes of the birds, in which the genetic strains can be identified using the second formant frequency and the pitch of the sounds; and the sexes can be identified using the second formant frequency apart from the sounds (Pereira et al., 2015) . Fig. 7 shows a schematic representation of how a well-designed intelligent technology using a vocalisation-detection system can monitor welfare and diagnose diverse infectious diseases in farmed chickens. Sound signals collected using microphones and a data collection card analysed by a neural network pattern-recognition system can detect and diagnose necrotic enteritis derived from the infection of Clostridium perfringens type A (Sadeghi et al., 2015) . The diagnostic accuracy was 66.6% on day 2; and 100% on day 8 post the disease onset.
Future perspectives
Precision livestock farming aims at creating a management system that relies upon autonomous, continuous, real-time monitoring and (Chen et al., 2015) . control of all aspects of livestock management, including reproduction, animal health and welfare, and the environmental impact of livestock production.
It is assumed that the direct monitoring of animals will achieve greater control over their health status, which will eventually translate into better animal product quality over longer periods of time. Biosensor technology shall enable accurate and affordable acquisition of data points, while the smart algorithms, coupled with networked farms, shall further decision making and management processes in the animal farms. The primary goal of precision livestock farming is to generate reliable data using biosensors and run it through intelligent software systems to create value for the farmer, the environment, and the animals in the form of improved animal health and welfare, increased productivity and yields and reduced costs while minimising the impact on the environment.
While the biosensor technology is available for individual parameters, key advancements in the field are expected to generate robust monitoring systems for a multitude of parameters. Another key challenge currently faced is the slow uptake of these technologies on commercial farms. This has been attributed to the fact that although the precision systems and biosensors generate abundant data, the data is currently not being converted into useful information that could be utilised for the decision-making process in livestock management. Furthermore, the economic benefits of using these advanced systems is set to be demonstrated to individual farmers, who are reluctant to make investments in these systems in the absence of a clear economic benefit.
There is no doubt that advancements in the development of nanobiosensors, combining nanotechnology with highly specific analytic techniques for metabolic biomolecules and surveillance systems for monitoring animal health and welfare will be ubiquitously used to manage livestock farms and prevent disease outbreak. The key challenges that remain to be resolved include harmonisation of methods across various platforms and large-scale implementation of data analysis and sharing technologies.
